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WIND TUNNEL INVESTIGATION OF A LARGE-SCALE MODEL OF A LIFT/CRUISE 


FAN V/STOL AIRCRAFT 

Bruno J. Gambucci, Klyoshi Aoyagi, and L. Stewart Rolls 

Ames Research Center, NASA 
Moffett Field, Calif. 94035 

SUMMARY 


An investigation was conducted in the Ames 40- by 80-Foot Wind Tunnel to 
determine the aerodynamic characteristics of a large-scale model of a lift/ 
cruise fan V/STOL aircraft. The model was equipped with three fans, one 
mounted in the forward section of the fuselage in a lift mode, and two mounted 
on top of the wing adjacent to the fuselage in a lift/cruise mode. 

The data that were obtained include longidudinal and lateral-directional 
characteristics of the model, with the horizontal tail on and off, for both 
the powered-lift and cruise configurations. Powered-lift data were obtained 
at several wind tunnel velocities and at several lift/cruise fan thrust vector 
angles by varying the position of the hooded deflectors from 0° (the cruise 
condition) to 90°. 


INTRODUCTION 


The NASA/Navy Lift/Cruise Fan Technology Aircraft Program is a cooperative 
effort between NASA and the Navy; its purpose is to establish a firm technology 
base for the design of lift/cruise fan V/STOL multimission aircraft for both 
military and civilian applications. The program’s ultimate objective is the 
design, fabrication, and flight test of an aircraft that uses a lift/cruise 
fan propulsion system. The operational suitability of the aircraft in multi- 
mission V/STOL roles will then be investigated. This objective will be pre- 
ceded by design studies (refs. 1 and 2), wind tunnel tests of small- and 
large-scale models, and systems evaluation tests and simulation to develop 
the base for the Technology Aircraft design. This report contains the results 
of a large-scale wind tunnel test of a lift/cruise fan modal typical of a con- 
figuration being investigated for the Technology Aircraft. The tests were 
conducted in the Ames Research Center 40- by 80-Foot Wind Tunnel, 

The large-scale lift-cruise fan V/STOL model used in this test was pow- 
ered by three lift fans each of which was driven by a gas generator. Data 
were obtained for two modes of operation, powered lift and cruise. For the 
cruise-mode operation, only the two generators over the wing-mounted lift / 
cruise fans were powered; the forward fan was covered. Static tests planned 
for the hover mode will be the subject of a separate report. 
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The longitudinal force and moment characteristics of the model, as well 
as its lateral-directional characteristics, are presented for both modes of 
operation. Results for powered lift were obtained at a constant fan speed 
over a range of wind tunnel velocities; the cruise configuration was run at 
three lift/cruise fan exit velocities and at constant wind tunnel speed. 

The test data are not analyzed here; their analyses will be the subject 
of future reports. 


NOTATION 
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m 

n 


wing span, m (ft) 

drag coefficient about the wind axis, “■ 
ram drag coefficient about the body axis, 


Wv 

gqs 


rolling moment coefficient about the stability axis, 


lift coefficient about the wind axis, 


qS 


pitching moment coefficient about 1 the stability axis at 0.25c, 

n 


yawing moment coefficient about the stability axis, 

side force coefficient about the stability axis, 

wing chord parallel to the plane of symmetry, m (ft) 

2 fb/2 , 

mean aerodynamic chord, 7 I c"dy, m (ft) 


qSb 


m 

qSc 


drag, N (lb) 

static axial force, N (lb) 
gross thrust with 6 - 0°, N (lb) 

static normal force, N (lb) 

acceleration of gravity, 9*81 m/sec 2 (32.2 ft/sec 2 ) 
horizontal tail incidence angle, deg 

total lift on the model, N (lb) 
rolling moment, N-m (ft-lb) 

pitching moment, N-m (ft-lb) 
yawing moment, N-m (ft-lb) 
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RPM//e 

s 


V c 

V j 
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ail 


cn 


n 

e 

e. 


standard absolute pressure, 101352.9 (14.7 psl) N/m 2 

freestream static pressure, N/m 2 (lb/ft 2 ) 

freestream dynamic pressure, N/m 2 (lb/ft 2 ) 

corrected fan rotational speed 

wing area, m 2 (ft 2 ) 

freestream velocity, m/sec (ft/sec) 

fan exit velocity, m/sec (ft/sec) 

side force, N (lb) 

angle of attack, deg 

angle of sideslip, deg 

lift fan exit louver deflection angle, deg 

P 

relative static pressure, 
aileron deflection, deg 
lift/cruise fan exhaust duct angle, deg 
trailing-edge flap deflection, deg 


front fan exhaust static turning angle, 


tan 


-1 



deg 


rudder deflection, deg - — 

V F § + F k 

percent: of wing semispan or static turning efficiency, 

g 

ratio of ambient temperature to standard temperatu^ 0 (519° Rankine) 
lift/cruise fan exhaust static turning angle, deg 


Subscripts 
ail aileron 

J fan exit 

R rudder 

S static conditions 

u uncorrected data 
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MODEL DESCRIPTION 


Photographs of the model mounted in the Ames 40- by 80-Foot Wind Tunnel 
are Bhown in figure 1. Model geometric details and pertinent dimensions are 
presented in figure 2* The model was equipped with adjustable flaps, ailerons, 
horizontal stabilizer, and rudder. The horizontal tail is removable. The 
ailerons and horizontal tail were remotely controlled. 


Wing 

The wing aspect ratio was 4.5, taper ratio 0.30, and sweep along the 
quarter chord line 25°. An NACA 4416 airfoil section was the basic wing 
section at the exposed root. This became a modified supercritical airfoil 
with wing station (0,442 n) and tip having a thickness- to-chord ratio of 0,1a 
and 0.08, respectively. The wing incidence was 3,23° at the exposed root and 
-2,77° at the theoretical tip; this resulted in a wing twist of 6°. Wing air- 
foil ordinates are presented in table 1, 


Empennage 

The horizontal tail was an NACA 64A0 series airfoil section with a 
thickness-to-chord ratio at the root of 0.10 and of 0.08 at the tip. The 
all-movable horizontal tail could be remotely actuated and had an incidence 
range of ±20° . 

The vertical tail had an NACA 65A010 airfoil section and was equipped 
with a movable rudder. For the tail-off tests, only the horizontal tail was 
removed. 


Propulsion System 

The model was equipped with three 36-in. diameter General Electric X-376 
turbo-tip fans with a design pressure ratio of 1.1. As shown in figure 2(a), 
one lift fan was mounted in the forward fuselage section with the thrust axis 
tilted 15° forward with respect to the horizontal plane. Two lift/cruise fans 
were mounted in nacelles on the upper surface of the wing adjacent to the 
fuselage. Each of these fans was powered by a modified T58-8B gas generator. 
The relationship between the fans and gas generators is shown by the schematic 
in figure 3 

Thrust vectoring of the forward fan was obtained by a cascade of fourteen 
0,102-m (0.333 ft) chord plain louvers that were mounted at the duct exit as 
shown in figure 2(b). These louvers were remotely operated and varied from 
103° to complete closure (0°) . Two yaw vectoring vanes were located below the 
louvers and 0.235 m (0,771 ft) symmetrically off the model centerline. The 
vanes had a chord of 0.298 rn (0.978 ft) and could be deflected ±20°. For the 
cruise configuration (6cn = 0°), the inlet and the exit of the forward lift 
fan were covered for most cases with the exit louvers and yaw vanes removed. 
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Thrust vectoring of the lift/cruiae fans was obtained by u^ing the same 
hooded deflectors and cruise nozzle (0°) of reference 3. Geometric angles 
of 90°, 71°, 56°, 38°, and 23° were obtained by removing or adding circular 
sections as shown in figure 2(c). Two yaw vectoring vanes were located at the 
hooded deflector exit and could be deflected 120° as shown in the figure 2(b). 
The nozzle geometric area of the hooded deflector was 0.7678 m 2 (1190 in 2 ). 
When the cruise nozzle was used, the nozzle geometric area was 0.6937 m 2 
(1075 in 2 ). 

For the cruise configuration the nozzle with the 0° geometric angle was 
used. This nozzle configuration was used without the yaw vanes. 


TESTS AND PROCEDURE 


Longitudinal force and moment data were obtained at discrete lift/cruise 
fan exit nozzle de lections for model angle of attack and wind tunnel speed 
ranges with the horizontal tail on and off. Lateral-directional data were 
obtained for a range of sideslip a 'les at model angles of attack of 0°, 8°, 
and 16°. A summary of the principal test variables for the powered-lift 
configuration is presented in the following table: 


q, N/m 2 (psf) 67.032 to 952.817 N/m 2 (1.4 to 19.9 


6 

cn 

90° 

to 

23 

a 

u 

-4° 

to 

32 

3 ' 

-12° 

to 

4° 


1 

PO 

o 

Q 

to 

20 


fan RPM//0 3600 (nominal) 


psf) 


Similar data were obtained for the cruise configuration* A summary of 
the variables for this mode of operation is presented below: 


q, N/m^ (psf) 
6 

cn 

a 

u 

e 

1 t 

fan RPM//9 


1699.749 N/m 2 (35.5 psf) 
0 ° 

-4° to 32° 

-12° to 4° 

-20° to 20° 

2700 to 1600 (nominal) 


When either the angle of attack or angle of sideslip was varied in the 
data acquisition process, the fan RPM, wind tunnel dynamic pressure, flap 
deflection, and fan exit nozzle deflection were held constant* In the cruise 
configuration, data were obtained with the forward fan covered. 
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CORRECTIONS 


Force and moment data with the lift fans windmilling (power off) were 
corrected for wind tunnel wall constraints in the following manner: 

a « a 4* 0,410 C T 
u L u 

C = C D + 0.0071 (C L ) 2 
u u 

C = C + 0.0112 C. (only with the horizontal tail on) 
mm L ' 3 

u u 

None of the power-on data (i.e., lift fans driven by the gas generators) 
was corrected for wind tunnel wall constraints. Corrections have not been 
applied for the effects of the exposed tips on the model support struts, or 
for ram drag. 


PRESENTATION OF DATA 


Static fan performance (i.e., at wind tunnel free stream dynamic pressure 
of 2ero q = 0 pBf) for the lift/cruise and forward fans is presented in fig- 
ures 4 through 6. Lift/cruise fan deflector static turning and turning effi- 
ciency is presented in figure 7. In figure 8, the variation of Jet velocity 
ratio with wind tunnel velocity is presented for the three fans. The varia- 
tion of jet velocity ratio with the angle of attack and fan RPM for the 
cruise configuration Is presented in figure 9. Wind-milling characteristics 
of the lift/cruise fans at various thrust vector angles and for the forward 
lift fan are presented in figure 10. Variation of ram drag coefficient with 
angle of attack at several jet velocity ratios for each fan (three fans) is 
presented in figure 11. The variation of fan thrust with angle of attack 
at several jet velocity ratios is presented .In figure 12. 

An index to all the figures presenting the basic aerodynamic data is 
given in table 2. For ease of presentation, the aerodynamic data have been 
divided into two parts: namely, powered lift and cruise. The longitudinal 

aerodynamic characteristics of the model in the powered-lift mode, with the 
horizontal tail on and off the model, are presented in figures 13 and 14. 

The effects of rudder deflection on the model longitudinal and lateral 
characteristics are presented in figure 15. The lateral-directional character- 
istics of the model are presented in figure 16 and horizontal tail sweeps in 
figures 17 to 21. The effect of forward fan louver sweeps is presented in 
figures 22 to 24. Other data such as the effect of forward fan RPM, sideslip 
angle, and aileron effectiveness, are presented in figures 25, 26, and 27 
respectively. 

The effects of tail incidence on the cruise mode longitudinal charac- 
teristics are presented in figure 28. Longitudinal characteristics for the 
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cruiBe mode with the horizontal tail on and with the tail off, are presented 
in figures 29 to 33. The data presented also Include the effect of lift/cruise 
fan speed, differential aileron, and horizontal tail incidence (figures 34-37). 
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S 67 j 


19.18 

9? 8. 3 

j_“ 
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TABLE 2 - LIST OF BASIC DATA FIGURES - CONTINUED 

- . — r 1 i - - — • "T ^ 


deg. 


16 


fi £- 

6 ail’ 

<5 , 

CO 

V 

V 

! B * 

Fan RPM/VF 

V 

deg. 

deg. 

60 

QJ 

deg. 

deg. 

' deg. 

Fvd. Fan 

j Wing Fans 

deg 

15 

10 

71 

-10,10,20 

55 

0 

| 3631 

3631 i 

0 


56 


-10 to 20 

1 I 

-20 to 20 
-10 to 20 


* 

43 


I 

38 

i 

23 


-10 to 20 


0,10 

-20 to 20 * 


-10 to 20 

t 

-10 to 10 
0 

- 10,10 


3618 

3644 

3626 

Wind Mill 

3617 
3610 

3618 

Wind Mill 

3618 

3629 

3632 

Wind Mill 


3618 

3644 

3626 

Wind Mi? 1 

3617 
3610 

3618 

Wind Mill 



3613 

3616 

3627 

Wind Mill 


Tail 


Remarks 


Sweeps 




TABLE 2 - LIST OF BASIC DATA FIGURES - CONTINUED 



■- 

^ 

“ 

\ 

Fan RPM/tftT 

v • 

FVd . Fan 

— - ■ 

Wing Fans 

deg* 

3617 

3617 

0 

* 

* 



3622 

3622 1 

f 

* 

t : 


3616 

3616 t 


r 

1 

t 


Wind Mi-11 

Wind Mill 

t 

t 

i J 

i 

3611 

3611 ; 


3594 

3594 


+ 

* j 


3586 

35o6 


+ 

t | 

* 




3600 

3600 


♦ 

i 

: 

? 3604 

3604 


* 

i 

3624 

3624 , 

Jr . 

♦ 



t 36QB 

3608 



1 3616 

3616 


3622 

3622 

i 

3640 

3640 

: i 

3630 

3630 


3617 

3617 

I 

l 3614 

3614 


] 3606 

Wind Hill 


! 3633 

! 


\ 3607 

... f .. 

L 




Remarks 


Tall Sweeps 


Forward Fan 
Louver Sweeps 



TABLE 2 - LIST OF BASIC DATA FIGURES - CONTINUED 





LIST OF BASIC DATA FIGURES - CONTINUED 


& , 
cn 

deg. 


c 

deg. ) 


V 


■ 8. 

deg. j deg. 

REMOVED t 8 

i : t 


RPM/V7 
t Wing Fans 

COVERED i 2730 


Fan 
Fwd. Fan 


OFF 


REMOVED ; A to -12 { 


I 


2730 


2723 

2166 

1629 

(_ _WInd Hill 

2723 
r 2716 
Wind Mill 


2723 


161 A 


2721 

2184 

1621 

2721 

21B4 

1621 

1610 


2709 


1610 

2709 


V 

deg. 

23 


Remarks ' 


Cruise Mode 

Longitudinal 

Data 


i 

t 

j 

Sideslip 

Forward Fan Inlet j 
and Exit Covered 


Forward Fan Inlet 
and Exit Covered 


Differential Aileron 

Forward Fan Inlet 
and Exit Covered , 



TABLE 2 - LIST OF BASIC DATA FIGURES - CONCLUDED 


Run No. 


119 
121 
116 
124 

127 

120 
123 
117 
126 

128 
US 


135 

134 


Figure 


37(a) 


deg. 


, psf i N/m 
1 34.17 i 1636.1 


T 


I 


34.21 


. 34,23 


1633. 0 


1638.9 


37(b) 


34.22 163B.5 j 

34.25 1639,9 j 


°£ * 
deg. 


°ail* 

deg. 

C 


o » 
cn 

deg. 


i * 


v 

*3 » 


6, 

Fan 

V 

deg. 

deg. 

deg. 

Fwd. Fan Wing Fans 

deg 

-20 

1 REMOVED 

C 

\ 

COVERED 2722 

0 

-10 


1 



i ! I 

| 

0 


j 



i 


10 





l 


20 


1 



' 

! 

-20 


I 

' 1 


i 2164 


-10 

1 


I 


i | 1 


0 

j 

\ 

i 



, 

10 





1 1 

1 

20 

| 




; f 

i 

0 

1 

\ 1 



— - 1592 

1 

-10 to 

10 

i j 



j i 1615 

23 

< 

r 

1 

\ ! 

! r 

3 f 2721 

i 

* 


Remarks 


Tail sweep 9 
Forward Fan Inlet 
and Exit Covered 






4 front view: 


Photograph of the model mounted in the Ames 40- by 80- foot wind 

tunnel . 
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Figure |||| Concluded 
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(a) Overall dimensions and geometry* 
Figure 2,- Geometric details of the model. 























Figure 2.- Continued. 
















Figure 5.- Resultant static thrust and static turning angle with combined 
lift/cruise fan and forward fan operation; RPM/i/0 = 3600, = 0°, 

q = 0 N/m 2 )psf) . 
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Figure 6-- Variation o 1 resulLant static thrust and static turning angle with 

3 V ; « u •■= 0°, q = 0 psf. 
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Figure 7.- Lift/cruise fan deflector static turning angle and turning 

efficiency; = 0° . 
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(a) Forward lift fan. 

Figure 8,- The variation of jet velocity ration with wind tunnel dynamic 
pressure for the powered lift model configuration; nominal fan 
RPM/v^ = 3600. 
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(b) L/H lift/cruise fan, 
$ 

Figure 8,- Continued. 
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(a) L/H lift/cruise fan. 


Figure 9.- Variation of jet velocity '“ratio with corrected fan RPM and model 

angle of attack, cruise configuration, nominal q = 1699.7 N/m 2 (35.5 psf) , 

b - o% a ail - o\ a f = o°. 
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(b) R/H lift/cruise fan, 


Figure 9.- Concluded. 
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rrr:^ . irt: ::: I : tr: r |r; ; r :x^f: 


(a) 6 = 90°, B = 90°, nominal q = 349*5 N/m 2 (7*3 psf) . 

cn v 

Figure 10.^ Wind milling characterisitcs of the model fans. 
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(b) <$ cn = 56°, nominal q = 952.8 N/m 2 (19,9 psf). 


Figure 10.- Continued. 
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(e) 6 - 0°, forward fan covered, nominal q = 1699.7 N/m 2 (35.5psf) . 

cu 

Figure 10.- Concluded"] 
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Figure 11.- Variation of fan resultant thrust to static resultant ratio 

with angle-of-attack. 
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Figure il r - Continued. 
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Figure 11.- Concluded. 
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(a) 


6 

cn 


90°. 


Figure 12.- Variation of ram drag with angle-of-attack with forward fan 

and lift/cruise fan operation. 
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(b) 6 =71°. 

cn 

Figure 12.— Continued. 
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(c) 6 = 56° 

cn 

Figure 12.- Continued. 


43 





(d) 6 =38°. 

cn 

Figure 12.- Continued. 
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(e) 5 = 23° . 

cn 

Figure 12.- Continued. 
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(f) 6 = 0°. 

cn 


Figure 12.- Continued- 








Figure 12.- Continued. 
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(i) Forward Fan, 0^ =■ 43°, 


Figure 12.- Concluded. 
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Figure 13,- Continued, 
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Figure 14.- Longitudinal characteristics of the model with 
operating aud with the horizontal tail installed; - 





















Figure 14 Continued 
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(e) 5 cn = 56°, B v = 43°. 


Figure 14 Continued 

























































be: wny '2*ri U3I 


tnent 
- 15 










TEST T4B2. fTJN 7fi. 



Figure 16.- Continued. 
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(d) 6 = 23°, 3 = 43°, a = 0°. 

cn * v * u 


Figure 16.- Concluded. 
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f'b) a =0°. 
u 

Figure 17.- Continued. 
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Figure 17.- Continued. 
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(e) a = 16° . 
u 

Figure 17.- Continued. 
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(f) a =16°. 
u 

Figure 17.- Concluded, 
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Figure 18.- The effect of tail incidence on longitudinal aerodynamic 
characteristics with three fans operating; 6 cn = 71°, 8 = 55°, 

S f » 15°, « ail = 10°, a u = 0°, 6 = 0&, 6 R = 0 ° . V 


73 















(b) a =8°. 
u 

Figure 19*- Continued* 
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(c) a - 16°. 
u 

Figure 19.- Concluded. 
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Figure 20.- The effect of tail incidence on longitudinal aerodynamic 
characteristics with three fans operating; 6 cn *» 38 ° , 8 = 43°, 

6 f = 15°, 6 ail = 10°, 8 = 0°, a u = 0°, <$ R - 0° . V 
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(a) a = 0°. 
u 

Figure 21.- The effect of tail incidence on longitudinal aerodynamic 
characteristics with three fans operating; <5 cn = 23°, B v = 43°, 
S f = 15°, 6 ai i = 10% & = 0% <S R = 0°. 
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(c) a = 16°. 
Figure 21.- Concluded. 
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e 22.^ Effect of forward lift f; 
the model longitudinal characte 

S Mi ' 90 ’• «f - 15 °. S ail ' 10 ° 










(b) Horizontal tail on, i. - 0° . 

t 

Figure 22*- Concluded. 
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Figure 23,- Effect of forward lift fan exit louver defection angle on 
model longitudinal characteristics with three fans operating; (5 cn 
horizontal tail off, = 13°, 6 ail = 10° , g = 0° , <S R = 0° . 











(b) a =8°. 
u 

Figure 23.- Concluded. 
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Figure 24.- Effect of forward lift fan exit louver deflection on the 
model longitudinal characteristics with the cruise fans wind 


milling; <5 Cn - 0°, = 15°, <5 . , = 10°, a = 0° , horizontal tail 

off, £ = 0°, <5 r = 0°. u 
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T ( | I-' i I II, I “I :i l I • f I • i l I : l - r - r i Mil. I .ri ; r l i.:.i I 

Figure 25.- The effect of forward fan RPM on the longitudinal aerodynamic 
characteristics; <5 cn = 56°, = 15°, 6 a -j_i = 10°, i t = 0° , a u = 0° , 

6 v = 43°, 3=0°. 
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Figure 26.- Variation of side force, yawing-moment, and rolling-moment 
coefficients with sideslip with three fans operating; <5 cn = 56° , 
6 f = 15°, 6 ail = 10°, P v = 43°, i t = 0°, a u = 0°, 6 R = 0°. 
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(b) Lateral characteristics, 
figure £7 . - Concluded, 
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Figure 29.- Longitudinal characteristics of the model in the cruise 
configuration with the horizontal tail off; forward fan inlet 
and exit covered, 6 cn = 0° , = 0% ^ a il - 0°, (3 = 0°, 6 R = 0°, 

q = 1639.4 N/m 2 (34.24 psf) . 




(a) Longitudinal characteristics. 


Figure 30.- Aerodynamic characteristics of the model in the cruise 
configuration with the rudder deflected; forward fan inlet and 


exit covered* 6 R - 23° , <5 cn = 0°, Sf = 0°, <5 a il “ 0% i t = 0°, 
e = 0°, q = 1639.4 N/m^(34,24 psf). 
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(b) Lateral characteristics. 


Figure 31.- Concluded 
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Figure 33.- Longitudinal characteristics of the model with the flaps and 
ailerons deflected; forward fan inlet covered* 6 cn =0° B v = 0°* 
horizontal tail off, g= 0°, S R = 0°, q = 1635.6 N/m 2 (34.16 psf) . 











(a) Fan RPM//0 -= 2723. 


Figure 34.- Variation of side force, yawing-moment, and rolling moment 


coefficients with sideslip; forward fan inlet and exit covered, 
*cn = °°» 6 f » 0% « ail =0°, i t - 0°, \ = 0°, q - 1635.6 N/m 2 
(34.17 psf) . 
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(b) Fan RPM//8 = 1614. 
Figure 34.- Concluded. 
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(a) Longitudinal characteristics. 

Figure 35.- The effect of differential aileron deflection on the model 
aerodynamic characteristics; forward fan inlet and exit covered, 
6 ail = -25°/25° <5 cn =0°, 6 f = 0° , i = 0°, 3- 0°, fi R - 0\ 
q = 1638.4 N/m 2 (34.22 psf) . 
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(b) Lateral characteristics 
Figure 35.- Concluded* 









Figure 36.- The effect of differential aileron deflection on the model 

aerodynamic characteristics; forward fan inlet and exit covered, 

6 - 0°, 6 = 0°, i = 0°, B = 0°, a = 0°, q - 1638.0 N/m 2 (34.21 psf), 

6„ n = 0°. U 
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(b) Lateral characteristics, 


Figure 36. - Concluded, 
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(a) S R = 0 

Figure 37,- The effect of tail incidence on longitudinal aerodynamic 

characteristics of the model in the cruise configuration; forward 
fan inlet and exit covered, 5 = 0°, 6 f = 0°, 6 = 0° , a = 0°, 

0 = 0°. cn f 311 u 


1 06 












